SUMMARY. In the controversy about the mechanisms determining the high zero flow pressures and the further interpretation of coronary diastolic pressure flow relations, this paper takes a stand in favor of intramyocardial compliance as the primary cause of the high zero flow pressures. An attempt has been made to estimate the compliance distribution within the coronary circulation and to show the specific effect of intramyocardial compliance on arterial and venous pressureflow relations. Since no data are available on the distensibility of coronary arterioles and capillaries, these data were taken from studies on mesenteric vessels. Based on these data, it is shown that, depending on the transmural pressure, smooth muscle tone may either increase or decrease arteriolar compliance. A compliance distribution has been proposed based on assumed pressure, volume, and distensibility distributions. For all but the venous division of the circulation, experimental data on volume could be found in the literature. Based on this compartmental analysis, it is predicted that overall intramyocardial compliance may exceed epicardial arterial compliance by a factor 45. The literature presenting functional evidence for intramyocardial compliance effects has been reviewed. Experimental results on venous outflow during long diastoles have been analyzed. P f _ 0 coronary pressure at zero flow, is higher when measured later in diastole. It is shown that this may be explained by charging of intramyocardial compliance in the period before flow ceases. The discrepancy between results on pressure-flow relations in the fully dilated bed and autoregulated bed are related to the differences in pressure, resistance, and compliance distributions. (Circ Res 56: 293-309, 1985) THE beating of the heart impedes the blood flow through the heart muscle. It is tempting to assume that the effect of cardiac contraction on coronary flow is restricted to systole. Diastole, then, may be considered as the period in which the myocardium, but in particular the subendocardium, is perfused (e.g., Downey and Kirk, 1975; Archie, 1975; Hoffman and Buckberg, 1976) . This is why the coronary diastolic pressure flow relation has received so much attention. In the concept of Gregg and Green (1940) , at the end of diastole the vascular bed within the myocardium is free of all mechanical effects related to systole. The coronary resistance could then be characterized by the ratio of the difference between end-diastolic arterial pressure and right atrial pressure and end-diastolic coronary arterial flow (see Fig. 1 ). This ratio was called end-diastolic resistance. Many studies have used the end-diastolic resistance since then, as an index to characterize the coronary bed.
The discovery by Bellamy (1978) that diastolic flow may cease at a coronary pressure far above 
The diastolic pressure flow relation is represented by the heavy line. The normal trajectory is indicated by the unbroken part. During a long diastole, the pressure-flow line intercepts the pressure axis at Pf-o -(P^on the figure is the same as P/_o i« the text). Overall coronary resistance, Re is defined as (P -P J lQ. End-diastolic resistance is defined as (P* -PJ/Q^. If diastole were to be prolonged suddenly, pressure and flow would decrease to lower values indicated by A on the pressure flow line. End-diastolic resistance would then be higher.
right atrial pressure has forced a reexamination of the end-diastolic resistance concept. Bellamy's discovery was made while examining coronary flow tracings from chronically instrumented dogs in Dr. Gregg's laboratory. Figure 1 illustrates the discussion regarding coronary resistance. The heavy line represents the pressure-flow relation measured by Bellamy (1978) during a long diastole. It is now clear that, normally, the end-diastolic resistance value depends on a factor which is not mechanically related to the coronary system at all, namely, the duration of diastole and, hence, heart rate. Obviously, the interpretation of the overall coronary resistance, defined in Figure 1 , depends also on the mechanism responsible for the diastolic pressureflow relation and, in particular, for the high zero flow pressure (Bellamy, 1980; Klocke and Ellis, 1980) . The two hypotheses which represent the two extremes in thought as to the cause of the high intercept pressure are: (1) Coronary flow stops at high pressures because of a Starling resistor effect in the resistance vessels (Permutt and Riley, 1963; Bellamy, 1978; Riley, 1982) . P f _ 0 equals the pressure needed to push these vessels open before any flow may pass, and is thought to be caused by summation of the pressure exerted by the smooth muscle and the extravascular pressure. (2) Coronary flow ceases because of the compliance effect of the intramyocardial vessels. In diastole, intramyocardial blood volume and blood pressure change more slowly than arterial pressure due to large time constants for charging and discharging the intramyocardial compliance. Blood flow ceases when arterial pressure becomes equal to intramyocardial blood pressure.
The theme of this presentation is that the high Pf_o is not due to a Starling resistor, but is a function of intramyocardial blood volume, compliance, and time constants. To demonstrate this, information will be provided about the blood volume and compliance of different segments of the coronary circulation; then functional evidence for intramyocardial compliance will be offered as a basis for a simple distributed model of intramyocardial compliances and resistances; and, finally, the effects of these intramyocardial compliances during long diastoles will be analyzed to show how they explain many of the features observed in pressure-flow relations in the coronary artery.
The compliance of intramyocardial vessels has received little attention in the past (e.g., Feigl, 1983) . Especially single vessel studies are lacking, due to the experimental problems involved in this kind of study. Moreover, it is only recently that data became available on the distensibility of capillaries (Smaje et al., 1980) which were, for a long time, considered as rigid tunnels. In general, pressure-vessel diameter relations are nonlinear and, if present, are smooth muscle tone dependent. To assess the importance of these characteristics and the lack of coronary studies, we have used data from different types of vessels, obtained from organs other than the heart. Hence, the reader is requested to be very careful in his own application of numbers derived in this study.
Based on the analysis presented below, it is advised that one use the overall coronary resistance as the index to quantify coronary tone. If possible, epicardial venous or coronary sinus pressure should be used as downstream pressure. The diastolic pressure-flow lines and P f _ 0 are characteristics of the coronary circulation, but their practical use has yet to be established. In the fully dilated coronary bed, resistance and compliance will be pressure dependent. In this case, the concept of coronary resistance has only little practical value and, when,used, detailed information about other parameters should be provided.
Distribution of Coronary Compliance Assessed from Single Vessel and Coronary Compartment Studies
The pressure-volume relation may be considered as constitutional for the hemodynamic characteristics of a vessel or division of the circulation. The compliance of a vessel at a certain pressure equals the slope of the pressure-volume relation at that pressure. Often, compliance is estimated by measuring a volume change dV as a result of a pressure Mulvany et al. (1977 Mulvany et al. ( , 1984 . The pressure axis is scaled such that the passive experimental data agree with data of Wiederhielm (see text 
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change dP or vice versa. It will be assumed that dV/ dP will be an approximation of compliance at the pressure midway in the pressure change dP. The specific compliance is defined as the compliance normalized by the actual volume. However, in single vessel studies, often the diameter-pressure relations are measured. If the possible variations of vessel length are neglected, volume and volume variations will be proportional to cross-sectional area, A, and its variations, respectively. The compliance per unit length is defined as the cross-sectional area change due to a change in transmural pressure, dA/dP. The distensibility of a vessel is defined as the relative change in cross-sectional area as a result of a small change in pressure. The cross-sectional stiffness is the inverse of the distensibility. Note that when cross-sectional area is indeed proportional to volume, specific compliance equals distensibility. An estimate of a compliance of a division of the circulation can be made by multiplying the distensibility by the volume of the division. One distinguishes dynamic and static compliances and distensibilities (e.g., Cox, 1982) . Dynamic values are obtained with pressure variations of 1 Hz or more. Static values are obtained after pressure alterations lasting many seconds. First, the dynamic parameters will be discussed.
Below, the distribution of coronary compliance is estimated from the distribution of coronary volume and the distensibility of the different kinds of vessels.
Distensibility and Compliance of Small Arteries
The coronary compartment containing the smaller arteries and arterioles clearly has a key role in determining coronary flow. However, very little is known about the wall mechanics and the effect of smooth muscle tone on it. To assess the compliant behavior of this compartment the results of Wiederhielm (1965) and Mulvany et al. (1977 Mulvany et al. ( , 1984 will be combined. Wiederhielm (1965) measured the pressure-volume relation of small arteries with fully relaxed smooth muscle. From his Figure 3 , the distensibility was calculated as function of transumral pressure. The results are shown in our Figure 2c . Mulvany et al. (1977 Mulvany et al. ( , 1984 measured force-length relations of fully relaxed and maximally activated small artery (0-50 /on) rings mounted in a myograph. The discrepancy between ring and vessel segment studies (Cox, 1983) was overcome by using Wiederhielm's curve as the standard. The pressure axis of the calculated pressure-distensibility curves of Mulvany et al. (1977 Mulvany et al. ( , 1984 were reduced so that 2% the passive pressure-distensibility curves coincide at the point of maximal tension development. From the corrected data of Mulvany, it has been calculated how cross-sectional area, compliance per unit length, and distensibility depend on transmural pressure. These relations are depicted in Figure 2 . Note that area is proportional to volume, compliance per unit length is proportional to compliance, and that distensibility equals specific compliance.
The curves in Figure 2 , although derived from measurements on mesenteric arterioles, illustrate what one may expect with regard to the basic influence of transmural pressure and smooth muscle tone on the coronary circulation. The cross-sectional area (Fig. 2a) may be reduced by a factor 6, due to an increase in tone when the pressure is around 60 mm Hg. According to the law of Poiseuille, the resistance of these small vessels may vary by a factor of 36. This illustrates the ability of arterioles to regulate flow. It is also clear from Figure 2a that the volume of the arteriolar division is dependent on the same factors. During autoregulation, as a result of arterial pressure decrease, both transmural pressure and resistance decrease. Under these conditions, the area-pressure relationship will follow a direction indicated by line 1.
The essential characteristic of a compliant compartment is that flow into, q in , and out of qout, the compartment may differ because of volume changes: q in -q, ™, = C-dP/dt where P equals the transmural pressure and C the compliance. The curves in Figure 2b are obtained from the first derivatives of the respective curves in Figure 2a . As is clear from Figure 2b , the passive vessel compliance increases with decreasing pressure. However, in the presence of smooth muscle tone, the compliancetransmural pressure relation shows a completely different course. It may exhibit a maximum at a certain pressure. Moreover, depending on the transmural pressure, smooth muscle tone may cause either an increase or a decrease of compliance. Because of normalization, the specific compliance or distensibility becomes more or less independent of the actual volume of a vessel. At least in the passive case, the distensibility-transmural pressure relationship unifies to a certain extent the data obtained with different kinds of vessels. Note that in the trajectory measured by Mulvany et al., the distensibility was increased by smooth muscle tone.
Distensibility of Capillaries and Venules
From earlier studies on the distensibility of capillaries, it was concluded that capillaries behave as rigid tunnels (Burton, 1954; Baez et al., 1960; Fung et al., 1966) . However, more recently, distensibility measurements have been reported by Smaje et al. (1980) , who used pressure variations within the physiological range. From their results one can calculate distensibility values of 0.0055 and 0.005/mm Hg for the capillary and venulary distensibility, respectively. Since flow within the capillaries and Circulation Research/Vol. 56, No. 3, March 1985 venules was obstructed distally, one may assume that those values were estimated at pressures higher than normal. Moreover, venular distensibility may have been underestimated because of damping of the pressure-pulse in the capillaries. However, a similarity between capillary and venulary distensibilities is not surprising, since the walls of venules with a diameter of up to 30 nm are not very much different from the walls of capillaries (Brown, 1965) . The distensibility of the mesenteric capillary may be explained by the mechanics of the basement membrane (Smaje et al., 1980) . However, Borg and Caulfield (1981) reported on collagen struts connecting the coronary capillary walls with myocytes. Papillary muscle was fixed either in systole or in diastole and studied with a scanning electron microscope. The struts were stretched in the systolic fixed muscle, whereas, in the diastolic fixed muscle, they were somewhat wavy. The authors concluded that the tension on the struts in systole 'may play a role in maintaining capillary patency in the presence of very high wall tensions.* Hence, capillary compliance in systole may be different from that in diastole.
Distensibility of the Larger Arteries
Distensibility of the larger coronary arteries has been studied by several investigators (see Fig. 2c ). The inverse of distensibility (= cross-sectional stiffness) was determined in an elegant way by Arts et al. (1979) from wave velocity measurements in vivo. Distensibility from the other studies reported on below have been recalculated according to the present definition. Gregg et al. (1935) measured the pressure-volume relations on the coronary arterial tree with the aid of mercury. Douglas and Greenfield (1970) cannulated the coronary artery and obstructed the coronary bed with beads, 200 yxn in diameter. At certain resting pressures, they rapidly injected an amount of blood and measured the resulting increase in pressure. One should note that the transient of pressure during and immediately after cessation of the rapid injection was not fully in agreement with the model used to calculate compliance. Patel et al. (1970) determined pressurevolume relations of segments of isolated coronary arteries.
One should note that smooth muscle tone was not defined in these studies. According to Figure 2c , one may assume that tone was small in these experiments.
Static Elastic Measurements
If vessels are subjected to a pressure step for a long time, the ultimate increase of cross-sectional area will be much larger than the rapid responses discussed above (e.g., Gow et al., 1974) . Douglas and Greenfield (1970) found for the epicardial arteries at a pressure of 100 mm Hg a static distensibility of 0.002/mm Hg compared with a dynamic distensibility of 0.7 X 10~3/mm Hg. Bouskela and Wiederhielm (1979) measured capillary diameter Spaan/Intramyocardial Compliance changes in the bat wing after 3 minutes of a combined increase of arterial and venous pressure. The pressure increases were maintained for 3 minutes. The distensibility of mid-capillaries was calculated from their report, and plotted in Figure 2c , assuming that control transmural pressure in the capillaries was 20 mm Hg. The static distensibility is much higher than the dynamic distensibility. Coronary flow after prolonged adenosine infusion exceeds peak reactive hyperemic flow after 30 seconds of coronary occlusion (L'Abbate et al., 1981) . This finding fits with the larger static distensibility compared to the dynamic one. If the microvasculature is exposed to a higher pressure for a period of time, the diameters of microvessels will increase to a larger extent, and their resistance will be lower.
It has not been reported how dynamic distensibility is influenced after static deformations. However, this point is very relevant with respect to studies on the fully dilated coronary bed.
Overall Coronary Volume
To get some insight in the distribution of compliance from the pressure-distensibility relationship, one must know the volume distribution within the coronary circulation. This analysis will focus on the autoregulating heart perfused at an arterial pressure of 100 mm Hg. These conditions have to be specified because they influence coronary blood volume and, probably, its distribution. According to Salisbury et al. (1961) and Morgenstern et al. (1973) , total coronary volume varies by 0.075 ml/100 g LV per mm Hg arterial pressure change in the normal pressure range. Moe et al. (1939) report a value of 0.08 ml/ 100 g LV per mm Hg. The dependency of coronary volume on arterial pressure will be discussed in more detail below.
In most studies on coronary blood volume, in fact, residual volume after excision of the heart was determined. The results vary over a wide range, e.g.: 8.4 ml/100 g LV (Klein, 1945) , 6.6 ml/100 g LV (Gibson, 1946) and 4.8 ml/100 g LV (Salisbury et al., 1961; Crystal et al., 1981; Eliasen et al., 1982) . In the last three studies, the hearts were blotted before the determination of blood volume, implying that larger arteries and veins were empty. Since residual coronary volume is underestimated in this way, the total coronary blood volume at higher pressures, 14 ml/100 g LV at Pa = 100 mm Hg, calculated by Salisbury et al. (1961) , must be underestimated, as well. However, using the mean transit time technique, Hirche and Lochner (1962) and Morgenstern et al. (1973) estimated a total coronary volume of the dog heart in situ around 12.5 ml/100 gLV.
Coronary Arterial Volume
The volume of the larger coronary arteries has been determined by the casting method. Douglas and Greenfield (1970) injected silicone into the left main coronary artery of a dog, after having first 297 blocked the coronary circulation with 200-^m beads. The authors found a correlation between volume and total heart weight. At a weight of 120 g, coronary volume was 1.5 ml at an arterial pressure of 100 mm Hg. This value is in reasonable agreement with the measurements of Arts (1978) who used an araldite casting method. For hearts with a total weight of 123 g, he measured a value of 1.12 ml for the left anterior descending and circumflex arterial trees (total left coronary arterial tree minus septal branch), including vessels down to a diameter of 400 nm. Taking into account a right heart free wall weight fraction of 15%, one may conclude from this study that the volume of the arterial tree with vessel diameter down to 200 ^m equals 1.6 ml/100 g LV.
The volume of intramural small arteries and arterioles was determined by Wusten et al. (1977) . A radioactive barium-gelatin method was used. These authors state explicitly that epicardial and larger intramural arteries are excluded from their measurements. The reported value is 3.6 ml/100 g LV. On the one hand, this value may overestimate small arterial volume because of the higher transmural pressure and vasodilation. Assuming that peak reactive hyperemia is maximally four times control flow, small arterial volume may be overestimated by a factor of two due to vasodilation (since resistance is inversely proportional to volume). On the other hand, the barium-gelatin mixture may not have filled the smallest arterioles. Quite arbitrarily, the value of 2.7 ml/100 g LV will be chosen as a compromise value for small arterial volume.
Volume of Capillary Compartment
No direct measurements of the volume of the myocardial capillary compartment in vivo have been reported. However, capillary volume in the postmortem dog heart has been determined by O'Keefe et al. (1978) . They reported a capillary volume fraction in the heart of 27%. This is higher than the total coronary volume fraction measured by more direct means.
The capillary cross-sectional area fraction in a virtual plane perpendicular to the capillaries equals the product between capillary density and capillary cross-sectional area. This fraction equals the capillary blood volume fraction of a space bounded by two such planes. Hence, estimates for capillary blood volume may be derived from measured values of capillary density and capillary diameters. However, values of capillary density, expressed in number per mm 2 , vary widely. For rat hearts, Buss et al. (1981) reported 2100 and Martini and Honig (1969) , 2200. Roberts and Wearn (1941) measured 3343 on the postmortem human heart. Bassinghrwaigthe et al. (1974) reported 3170 for the dog heart.
The large variation in numbers may be due in part to differences in techniques used. For example, the Theological properties of blood and structure of capillary network may lead to a very heterogeneous distribution of capillary flow (e.g., Wieringa et al., 298 Circulation Research/Vo/. 56, No. 3, March 1985 Henquell et al. (1976) Methods: a = casting, b = fluorescence microscopy, c = stopmotion micro-cinematography.
* In systole, f In diastole.
1982; Damon and Duling, 1984) . It is not unlikely that, as a result, dye or casting media will not fill all the capillaries. Consequently, one may expect that the higher values are closer to reality. For this study, a value of 3200 cap/mm 2 will be used. Published values of capillary diameters within the heart vary between 4 and 9 ^m. A review of measured capillary diameters in the heart is given in Table 1 . In further calculations, a value of 5 jim has been assumed for the diameter of the capillaries in the beating heart. This volume is in the range of the in vivo measurements. Together with the assumed value of 3200 cap/mm 2 for the capillary density, we arrive at a capillary volume fraction of 0.063.
Conclusion with Respect to the Distributions of Distensibility, Volume, and Compliance
As has been discussed above, little adequate information is available on the blood volume distribution within the heart. Even less is known about vascular wall properties of the myocardial microcirculation. Moreover, in the analysis of the crosssectional area-transmural pressure relationship, the influence of longitudinal stress and strain in the vessel wall (e.g., Tickner and Sacks, 1967) has been neglected. However, by lack of more quantitative information, the data collected above will be used to estimate the distribution of compliance over the coronary bed.
The parameter that unifies to a certain extent the characteristics of the different kinds of vessels is distensibility. For the vessels with relaxed, or without, smooth muscle, a strong nonlinear pressuredistensibility relation holds. Normally, the activation of smooth muscle in the larger vessels is low, resulting in distensibilities close to those of the resting vessel wall. The distensibilities of the capillary and venular compartments are large, which is a consequence of the low transmural pressures under normal physiological conditions. Increasing vasomotor tone at constant pressure may result in a decreasing or increasing compliance. Little is known about the distribution of blood volume within the heart. The influence of the beating of the heart on this distribution is a yet-unexplored field of research. Table 2 gives a review of assumed and estimated values of the distributions of pressure, volume, distensibility, and compliance within the coronary circulation. Because of a lack of direct measurements on the venous circulation, it was assumed that the volumes of small and large veins would be twice the volumes of small and large arteries, respectively. Note that the sum of the compartmental volumes exceeds the published values on total coronary volume. Recently, Eng and Kirk (1983) reported a preliminary study on the compliance of the coronary arterial tree down to 25-/im vessels. The values found were in the order of 0.016 ml/mm Hg per 100 g LV. This tallies very reasonably with the predicted value of the sum of small artery in large artery compliances given in Table 2 .
It will be clear that more experiments on the distribution of these quantities are needed to clarify the discrepancies in the analyses given above. However, we may conclude that the intramyocardial compliance exceeds the epicardial arterial compliance, many times. Moreover, the distribution of compliance will depend strongly on the perfusion conditions of the heart. The influence of heart contraction on intramyocardial blood volume and coronary flow has been studied for centuries. An accessible review of the earlier literature, starting with Scaramucci's paper of 1689, was presented by Porter (1898) . Compression of the microvessels within the ventricle wall was part of Porter's own work, as well. He studied the pulsatile nature of the coronary flow by observing spurts of blood from incised arteries and veins. In the context of the present controversy, it is worth noting that Porter used long diastoles, obtained by vagal stimulation, to study the coronary circulation, albeit to enhance the venous outflow in the next beat. Due to the compliance of the intramural vessels and their volume reduction in systole, energy is stored in the vessel walls that is turned into labor during diastole. This results in suction of blood from both the arterial and venous side (e.g., Wiggers, 1954) . In fact, one may consider the intramyocardial blood compartment to be analogous to the ventricle cavity. Both are compressed by systole. However, because of the absence of valves, the intramyocardial pump action cannot cause a net flow, and because of the high resistance of the small intramyocardial vessels, the ejection fraction of this pump is small (Spaan et al., 1981a . However, intramyocardial pumping may result in retrograde coronary arterial flow (Spaan et al., 1981b; .
Mean intramyocardial blood volume depends on cardiac contraction. Increase of ventricular pressure and/or contractility decreases intramyocardial blood volume (Salisbury et al., 1961) . A weight decrease of the ventricular wall as a result of the injection of adrenaline has been shown by Stubbs and Widdas (1959a) . However, they concluded that this was due, in significant part, to loss of interstitial fluid. The authors perfused the hearts with Locke's solution. Salisbury et al. (1961) claimed that, in their similar experiments, a fluid shift did not occur because they perfused the hearts with blood. They may be correct in this regard, since their estimates of the dependency of coronary blood volume on arterial pressure are very close to those obtained by Morgenstern et al. (1973) , using the mean transit time method. Stubbs and Widdas (1959b) also showed a step-wise increase in heart muscle weight when the heart was arrested by potassium citrate.
Diameter changes of intramyocardial vessels during the cardiac cycle have been reported by Tillmanns et al. (1974) . They found the capillary diameter to be 4.1 nm in systole and 5.3 (im in diastole. Measurements were obtained from vessels 100 ^m below the epicardium of the dog heart. According to the calculation discussed above, the capillary volume fraction would be 0.042 in systole and 0.099 in diastole. If these numbers would apply to a whole left ventricle weighing 100 g, capillary blood volume alone would vary 5.7 ml during the cardiac cycle. As is discussed in Appendix B, this volume variation is four times larger than likely, as based on the diastolic-systolic variations in coronary arterial and venous flow. Since the reported variations of arteriolar and venular diameters are not incorporated in these calculations, and most likely extravascular compression at the endocardium exceeds that at the epicardium, one must conclude that the reported cyclic diameter variations are at odds with the cyclic variations in overall coronary flow.
Assessment of Distribution of Compliance and Resistance
The effects of distributed compliance and resistance may be analyzed with the aid of models that have a discrete number of compartments. Each model compartment describes analogously the hemodynamic characteristics of a division of the circulation. In the compartmental analysis discussed above, the following sequence of compartments was considered: arteries -arterioles (or small arteries) -capillaries -venules (or small veins) -veins. The model compartments may be presented by using electical circuit elements or hydrodynamic elements (Fig. 3) . Capacitances or windkessels represent the The resistances and compliances within each compartment may be linked in many ways to form a circuit (e.g., Linehan et al., 1982) . However, in general, most compartment models may be represented by the general model depicted in Figure 3 . Each model element, except the last, contains a windkessel and outflow resistance. However, apart from the first and last windkessels, representing clearly the epicardial arterial and epicardial venous compliances, respectively, the relation between circuit elements and physiological compartments is now obscured. For example, Ri will be related to the resistances of both epicardial arteries and small intramural arteries. The outside of each windkessel compartment is connected to the extravascular space. For the epicardial vessels, the extravascular pressure will be the intrathoracal pressure. The extravascular pressure for the intramyocardial vessels will be the tissue pressure (Arts, 1978) , which will vary across the myocardial wall. In the model, no parallel resistance-compliance elements representing, e.g., viscoelastic properties of the vessel walls, are included. This would complicate the present analysis even more.
Resistance and compliance are continuously, though not homogeneously, distributed over the circulation. The number of model elements needed to study the impact of this distribution on coronary flow mechanics depends on the hemodynamic phenomena of interest. For example, the high frequency input impedance (frequencies >2 Hz) of the circuit depicted in Figure 3 will reflect only the characteristics of Ci and Ri. Interpretation of the relation between pressure and flow in the coronary artery varying at a rate corresponding to frequencies lower than 1 Hz requires information on compliances located more downstream. When studying the dynamic interaction between arterial and venous flow and/or pressure, information on the complete circuit is needed. In general, one may state that the more distributed the model (i.e., more compartments), the better the distribution of phasic flow and pressure in the circulation may be described. However, there is a practical limit to the number of compartments that can be defined quantitatively. The information on distribution of compliance over the coronary bed is too limited, as has been shown above. Evaluation of models of the kind in Figure 3 normally requires measurements from both the inflow and outflow side of the circulation (Sagawa, 1972) . In the case of the coronary circulation, this requirement is difficult to meet because of the absence of a unique outflow channel.
Distribution of Resistance and Compliance
Models containing two compliance-resistance elements were evaluated for the dog hindlimb by Sato Circulation Research/Vo/. 56, No. 3, March 1985 and for the dog lung lobe by Linehan et al. (1982) . No experimental studies directed to the distribution of compliance in the coronary circulation have been reported. Some indirect conclusions can be drawn from a study of Spaan et al. (1981a) . Autoregulation was intact in this study. Ri could be correlated with the quotient (Pmap -Pw)/CBF where Pmap = mean arterial pressure, Pw = wedge pressure after 15 seconds of occlusion, and CBF = mean coronary blood flow. It was found that R] = 0.63*Rc-12.9 mm Hgsec/ml. Sato (1971) found a ratio of 0.7 between first resistance and overall resistance for the dog hindlimb. It was also shown by Spaan et al. (1981a) that the decay of the coronary peripheral pressure after abrupt occlusion of the arterial flow was compatible with two capacitance resistance elements in series. The intramyocardial compliance was estimated as 0.07 ml/mm Hg per 100 g LV, which agrees reasonably with the overall estimate calculated from microvascular properties, as shown above. However, if the downstream resistance had been smaller than the estimated 30% of overall resistance, a higher value for the intramyocardial compliance would have been found. From experiments in which both arterial and coronary sinus pressure were manipulated (Scharf et al., 1973) , one may indeed conclude that the resistance distal to the intramyocardial compliance is much smaller than the proximal resistance.
In terms of the two-element model, the change of pressure, AP 2 , over the intramyocardial compliance is related to a change in arterial pressure, AP a , according to: AP 2 = AP a X R^R, + R 2 ). As reviewed above, coronary volume changes proportional to arterial pressure by 0.075 ml/mm Hg per 100 g LV. Epicardial arterial compliance is about 50 times too low to explain this number. If R2AR1 + R 2 ) = 0.37, as concluded above, then intramyocardial compliance would be 0.20 ml/mm Hg per 100 g LV. This is about twice the intramyocardial compliance calculated from the estimation of volume and distensibility distribution in the coronary circulation. The interpretation of the results of experiments in which coronary volume has been measured as function of arterial pressure may be complicated by the volume change of the small arteries and arterioles. Due to autoregulation, arteriolar resistance increases when arterial pressure increases, and vice versa (e.g., Burrows and Johnson, 1981) . This effect is illustrated in Figure 2a by curve 1. Cross-sectional area and arteriolar volume will decrease until maximal smooth muscle tone is achieved. Thereafter, volume will increase with pressure.
Variation of smooth muscle tone must also be taken into account when interpreting the results of the constant flow experiment of Morgenstern et al. (1973) . At constant coronary flow, arterial pressure was lowered by infusion of adenosine. Since flow was constant, one may expect that pressures in and distal to the capillaries remained constant as well.
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Coronary volume changed by 0.05 ml/mm Hg per 100 g LV. This number is approximately 3 times the estimated compliance of smaller arteries and arterioles. The difference may be even larger, due to a change in smooth muscle tone. This is illustrated by curve 1 in Figure 2a . Pressure decreased at constant flow: hence, coronary resistance decreased as a result of increasing arteriolar volume.
One has to conclude that a significant compliance is distributed over the coronary bed. However, the magnitude of the compliances at the different levels in the coronary circulation remains uncertain. The intramyocardial pump model with two resistancecapacitance elements (Spaan, 1981a) seems, for the time being / suitable enough to assess the characteristic influence of intramyocardial compliance on arterial and venous coronary flow. However, one should bear in mind that a more distributed model would explain the measured phenomena in more detail.
Intramyocardial Compliance Effects during Long Diastoles

Coronary Venous Flow
When measuring coronary-arterial and venous flow concomitantly, the intramyocardial compliance effects become very clear. Preliminary reports on this, matter have been presented by , Tomonaga et al. (1983) , and Spaan (1983) . In the first two studies, the coronary arteries were perfused from the aorta. In experiments from our laboratory, which will be described in more detail below, the main coronary artery of the goat was cannulated and perfused (Spaan et al., 1981) . The great cardiac vein was cannulated via the hemiazygos vein and drained into a container. The pressure within the container was regulated in such a way that epicardial venous pressure in the area that was drained, remained constant. This pressure was measured with a catheter introduced by the Herd-Barger (1964) technique. The outside diameter of the intravascular part of the catheter was 0.6 mm. The His bundle was destroyed by the injection of formalin. The long diastoles were obtained by cessation of right ventricular pacing. Figure 4 depicts the results of a typical experiment. Perfusion pressure was maintained during the diastole for a certain time, after which the perfusion line was abruptly occluded. Although coronary arterial inflow continued after cardiac arrest, venous outflow ceased for a second or so. This is in agreement with the findings of Porter (1898) and Wiggers (1954) , namely, that coronary venous outflow is restricted to systole. It should be mentioned, however, that some diastolic coronary venous flow was found by Stein et al. (1968) . After the initial drop, venous outflow increased and reached a plateau. In cases in which perfusion pressure was maintained, the pattern of venous outflow mimicked that of arterial inflow if the latter decreased due to metabolic vasoconstriction (Spaan, 1983) . When inflow was abruptly stopped (Fig. 4) , venous outflow decreased. The absence of venous outflow during the first part of the long diastole can be explained by the relaxation of extravascular pressure which has a sucking effect on the blood. In general, it is assumed that the systolic-diastolic variation of extravascular pressure is much larger in the subendocardium than in the subepicardium. It is therefore not unlikely that, in diastole, epicardial venous blood is sucked into the subendocardium.
Inflow without outflow means an increase of blood volume in the vessels between both the cannulas, and a charging of the intramyocardial compliance. The venous flow signal after arterial occlusion shows the discharging of intramyocardial com-pliance. By assuming that the pattern of venous cannula flow represents the pattern of total coronary venous flow, it is possible to calculate intramyocardial blood volume variations. A new steady blood volume was reached after 4 seconds of steady perfusion pressure during cardiac arrest in the long diastole obtained just prior to the one shown in Figure 4 . The time constant for venous outflow decay after arterial occlusion was 4 seconds. This must also represent the characteristic time of pressure decay within the intramyocardial compliance. Note that vasomotor tone was present but not constant throughout the period of arrest.
The advantage of the great cardiac vein is that it may be easily cannulated, at least in the goat. Moreover, in this way, the coronary sinus, which has a large blood storage capacity and, presumably, a large compliance which complicates the study of transients in venous flow, is excluded from the outflow circuit. The disadvantage is that great cardiac venous flow is not necessarily representative of total coronary venous flow. An increase of coronary venous pressure forces blood to flow via alternative routes. A model describing the partition of coronary venous flow has been presented by Scharf et al. (1971) . Essential to this model is a Starling resistor behavior of the venous part of the coronary circulation. Partition of venous outflow from one channel to the other occurs only if venous pressure exceeds the Starling resistor pressure, which is between 5 and 10 mm Hg. Moreover, a Starling resistor effect with a similar threshold pressure has been shown to exist in the coronary sinus (Uhlig et al., 1984) . Should the venous cannula pressure have been above this critical value, cannula flow would have been retrograde at the end of the period of arterial occlusion.
Peripheral Coronary Pressure
Peripheral coronary pressure, P^, is defined as the pressure measured distal to a coronary occlusion. When the heart is beating, Pq, does not fall to right atrial pressure after sudden arterial occlusion (Gregg et al., 1940; Spaan et al., 1981a) . Figure 4 shows an arterial occlusion in a long diastole (e.g., Eng et al., 1982; Hori, 1982) . Note that, after 7 seconds, P^ is above venous pressure but still decaying. The coronary peripheral pressure and Pf_0, estimated from diastolic P-F lines, must relate to the same phenomena, since both regard the condition of zero arterial flow. The peripheral coronary pressure decay curves obtained within the autoregulating bed could not be fitted with a single exponential model. However, the basic course of the peripheral coronary pressure decay is easily explained by a model with two or more compliance-resistance elements in series (Fig.  3) . Just prior to arterial occlusion, all compliances are charged. After occlusion, flow will occur from each compliance into the venous direction, and the pressure in each compartment will decrease. The multi-exponential nature of the peripheral pressure decay curve is also clear from Figure 5 , where log ]0 Pcp/Pp has been plotted vs. time. P p is the perfusion pressure before occlusion. It was chosen to characterize the peripheral coronary pressure in the following manner. In log io Pcp/PP vs. time curves, as plotted in Figure 5 , a line was fitted by eye through the data points between 0.5 and 3 seconds after occlusion. The intersection of this line with the vertical axis at t = 0 times P p resulted in the initial peripheral coronary pressure, Pep,. P,^ is the estimate of the pressure within the first compliance prior to arterial occlusion. The estimated initial peripheral coronary pressure, Pep,, was determined from arterial occlusions within 0.4 second, and later than 3.4 seconds after cardiac arrest. Pep, is higher with the late diastolic occlusion than with the early diastolic occlusion, as shown in Figure 6 . This difference may be attributed to the charging of compliance in the period of diastolic arterial inflow. Both early and late diastolic Pv alues depend on pre-occlusion perfusion pressure. In terms of the model of Figure 3 , this may be explained by vasomotor tone dependency of the resistors) downstream from the first intramyocardial compliance.
Modeling P-F Lines with the Intramyocardial Pump Model
The intramyocardial pump model, although being a simplification, may be helpful in understanding the basic effects of intramyocardial compliance on arterial P-F relations. The initial conditions for a long diastole are determined by the steady beating heart. In order to bring out the basic role of intramyocardial compliance, the epicardial compliance has been neglected. Moreover, the intramyocardial tissue pressure has been approximated by a square wave, giving an angular profile to the waveform of the tracings (Fig. 7) . The model equations are pre- • o • exp. Dole and Bishop. 1982 --model exp. Klocke et al., 1981 Pre-arrest perfusion pressure mmHg FIGURE 6. Initial peripheral coronary pressure, P^i, compared with theoretical predictions of the intramyocardial pump model and experiments on P^o by Dole and Bishop (1982a) and Klocke et al. (1981) . sented in Appendix A. In the steadily beating situation, the model predicts variations of intramyocardial blood pressure, P l b, inflow, and outflow around a mean value. Note, however, that venous outflow increases after the initial drop, and then decays. In this respect, in-and outflow show the same characteristics as the measured arterial inflow and venous outflow when vasoconstriction in the long diastole occurs (Spaan, 1983) . With an inflow occlusion at the onset of cardiac arrest (Fig. 7b) , both P ib (which is now equivalent to peripheral pressure) and outflow decay from a very low value following the initial drop. When arterial inflow is stopped later in diastole (Fig. 7c) , P, b decays from a higher value after the initial drop, in agreement with the experimental results of Figure 4 . In Figure 7b (broken curves), simulation results are shown when perfusion pressure decays from the onset of cardiac arrest. As can be concluded from the course of P ib , intramyocardial blood volume initially increases. However, inflow soon becomes too low, and P lb decreases. Outflow follows the course of P ib . The simulation of outflow strongly resembles the coronary venous outflow curve measured by and Tomonaga et al., (1983) with decaying coronary inflow pressure. At the time that P, = P ib , inflow is zero, and by definition P a = P f= o (P f _ 0 = pressure at zero flow). When P o decays below P lb , arterial flow becomes negative, which agrees with the experimental results of Kirkeeide et al. (1981) and Klocke et al. (1981) . The amount of backflow is determined in part by the assumed value of intramyocardial compliance. When the decay of arterial pressure starts later in diastole, intramyocardial compliance charges to a higher value (Fig. 7c) . As a result, P f _o is higher than in the case where decay of P a starts at cardiac arrest. The predicted values for the initial peripheral coronary pressure (Pep.) at different pre-arrest values of arterial pressure are shown in Figure 6 . Values for early diastolic occlusion, as well as late diastolic occlusion, are shown by the heavy lines. As explained above, Pep, is higher when the pressure switch is made later in diastole.
Conclusions on Intramyocardial Compliance Effects during Long Diastole
Intramyocardial compliance effects become very clear from the venous outflow signal when coronary venous pressure is kept constant to exclude epicardial venous compliance effects. Several seconds are required for venous outflow to adjust to new steady states in either heart rate (from beating to cardiac arrest) or coronary flow (arterial occlusion). These findings could be explained by a simple intramyocardial pump model. This model contains a compliance with a magnitude in the order of values predicted for the overall intramyocardial compliance from other studies. The model also predicts the higher coronary peripheral pressure found with occlusions later in diastole. The dependency of initial peripheral coronary pressure, P^, on pre-occlusion perfusion pressure will be discussed in the next section.
Interpretation of Diastolic Pressure Flow Lines
Coronary Tone and Entrance Compliance Effects
Pressure-flow lines may appear to be linear over a significant range of pressure, despite the fact that coronary tone is changing in time (Spaan, 1979; Dole and Bishop, 1982b) . Shape and course of the P-F lines depend on a possible variation of coronary tone and on the shape of the arterial pressure decay curve. However, the direction of change of vasomotor tone during coronary pressure decay is not obvious. If coronary flow decreases too rapidly, vasodilation might occur, as is illustrated by the reactive hyperemia after occlusion in the long diastole (Fig. 4 ). An increase of tone during long diastoles at constant perfusion pressure has been reported by Klocke et al. (1981) , Spaan and Laird (1981) , and Eng et al. (1982) . In these studies, the His bundle was destroyed. Long diastoles were obtained by cessation of pacing. In the study by Bishop (1982a, 1982b) , long diastoles were obtained by vagal stimulation, and coronary flow remained constant for periods up to 5 seconds.
The possibility that compliance might result in an overestimation of P f _ o was analyzed by Eng et al. (1981 Eng et al. ( , 1982 . The proposed model consists of only one compliance-resistance element, as defined in Figure 3 . The compliance relates only to the larger arteries, as there is no proximal resistance in the model. However, as noted by Hori et al. (1982) , the coronary decay constant found by Eng et al. (1982) Circulation Research/Vol. 56, No. 3, March 1985 would require a compliance 50 times larger than the compliance of epicardial arteries. Moreover, using the ratio between aortic time constant and coronary time constant found by the authors, arterial inflow should drop considerably (about 37%) at the onset of pressure decay. Measurements obtained by Bishop (1982a, 1982b) do not show a sudden drop in flow. Other discrepancies between this simplified model and experimental results have been noted by Hoki et al. (1982) and Braakman et al. (1982) .
The single RC model has been evaluated by Mates et al. (1983) by the Fourier technique for frequencies higher than 1 Hz. They concluded that the model is adequate as a high frequency input impedance model (frequency >1 Hz) with epicardial compliance values. However, the larger intramyocardial compliances affect the input impedance only for lower frequencies.
Diastolic Pressure-Flow Relations in the Coronary Bed with Autoregulation
At present, two methods of obtaining P-F lines can be distinguished. The first is the technique where perfusion pressure decays more or less exponentially. With the other technique, introduced by Eng et al. (1981 Eng et al. ( , 1982 , P-F lines are constructed by changing pressure stepwise to different values in successive diastoles. With the constant-pressure technique, P-F relations are obtained free of entrance compliance effects. What is more important, the method standardizes the pressure changes and eliminates the low frequency content of the arterial pressure signal. According to compliance models, as shown in Figure 3 , the inverse of the slope of the P-F line obtained with the constant pressure technique will represent the first resistance of the model, and P f _o the pressure in the first intramyocardial compliance at the moment the arterial pressure is switched to a different value. This technique results in lower P f _ 0 values than does the decaying pressure technique. The difference is in the same order of magnitude as found between late and early diastolic Pcpi values. As illustrated by the model calculations above, this may be explained by charging of the intramyocardial compliance during the period of pressure decay. One may wonder, however, why the P f _o values obtained by Klocke et al. (1981) with the decaying pressure technique are lower than those obtained by Dole and Bishop (1982a) obtained with a similar technique. One of the factors may be that the pressure decay of Klocke et al. started immediately at the beginning of cardiac arrest, whereas Dole and Bishop maintained perfusion pressure for 1 or 2 seconds before pressure was changed.
In autoregulated hearts, P,^ and P f _o depend on the initial perfusion pressure. P tT , and Pf_o are far above the normal capillary pressure values at higher initial perfusion pressures. These features may be Spaan/Intramyocardial Compliance explained on the basis of the windkessel analog of the small artery compartment. Consider the R1C2R2 circuit part to be the model for this compartment. Pf_o and Pep, reflect the pressure in C 2 , P2. This pressure has been built up in the control condition and may be written as P2 = P 3 + (Pi " P3) X R2AR1 + R2), where Pi = pressure in the control condition, and P 3 = the capillary pressure. A change in coronary tone will effect both Ri and R 2 , and, hence, the ratio R2AR1 + R2) is relatively independent of coronary tone. This conclusion fits with the analysis of the pulsatile nature of coronary flow by Spaan et al. (1981a) . As a result, P 2 (and, hence) P f _ 0 , and Pcpi relate to perfusion pressure in the control condition. This explanation requires a significant compliance of the smaller arteries and arterioles. As has been discussed above, some evidence for this has been presented by Morgenstern et al. (1973) , Wiisten et al. (1977) , and Eng and Kirk (1983) . One should note that P^, is not very sensitive to the magnitude of C 2 in the model of Figure 3 . However, if P f _ 0 is determined by changing the perfusion pressure continuously, the rate by which C 2 discharges into the compliance more downstream becomes relevant. Moreover, the shape of the curve becomes unpredictable because of the possible changes of coronary tone and continuous changing charge of the intramyocardial compliance.
Diastolic P-F Relations in the Pharmacologically Dilated Coronary Bed
The main characteristic of P-F lines in the pharmacologically dilated coronary bed is that P f _ 0 is independent of initial perfusion pressure. However, the value of Pf_ 0 is not the same in all studies. Eng et al. (1982) reported 10-14 mm Hg, Klocke et al. (1981) 15 mm Hg, and Dole and Bishop (1982a) 23 mm Hg. Since Dole and Bishop changed perfusion pressure later in diastole, their higher value for P f _ 0 might be the result of charging of intramyocardial compliance.
At first, the independency of P f _ 0 of initial perfusion pressure, and, therefore, of initial coronary flow, seems to be at odds with an intramyocardial compliance model containing a downstream resistance. According to such a model, Pf_ 0 should represent the pressure within the intramyocardial compliance. This pressure should depend on flow before pressure is varied to determine Pf_ 0 -Moreover, the low value of P f _o suggests that arterial pressure equalizes rapidly with the pressure at the venular or capillary level. However, these results may be explained by the altered vessel wall mechanics due to the pharmacological dilation. To begin with, one should note that during long diastoles, the venous outflow in the fully dilated bed showed a pattern similar to the one in the autoregulated bed Tomonaga et al., 1983) . Hence, intramyocar-305 dial compliance effects are also manifest in the dilated coronary bed. After vasodilation, the vessel wall mechanics of the smaller arteries may be described by the passive curves in Figure 2 . Furthermore, the pressure distribution from epicardial arteries to epicardial veins will be quite different from the distribution in the autoregulated bed. In the latter case, most of the pressure drop will occur across the very small arterioles. However, without autoregulation, the pressure drops more gradually (Murphy, 1980) . Moreover, as a result of the higher coronary flow, capillary pressure and arteriolar pressure will be much higher in the dilated bed than in the autoregulated bed at the same perfusion pressure. It is conceivable that if perfusion pressure is above a certain level, microvascular pressure will be such that distensibility and compliance become very small. As a result, arteriolar compliance becomes negligible. Therefore, if arterial pressure is decreased to measure the P-F relation, intramyocardial blood pressure will fall very rapidly to the level where the compliance becomes significant. In this respect, it is important to have detailed information about the way the P-F relation is constructed. Usually, with the constant pressure technique, there is a wait of a few tenths of a second after the perfusion pressure is being changed before the pressure and flow data are taken. The RC-time constant of intramyocardial pressure changes in the autoregulated heart is in the order of seconds (Figs. 4 and 7) . However, in the fully dilated bed, microvascular pressure will be increased and both resistance and compliance are decreased. If both are changed by a factor of three, the time constant for initial intramyocardial pressure changes will be reduced by a factor of nine. After lowering the pressure, the time constants may increase again.
An extra complication is that the resistance downstream of the intramyocardial compliance may be pressure dependent. So, at the higher flow rate, this resistance will be lower, resulting in a relatively lower pressure within the intramyocardial compliance.
Conclusions
In this paper, the evidence for intramyocardial compliance has been summed up. It was concluded that vessels of all types, including capillaries, are distensible. Except for the larger coronary arteries, no quantitative data on single vessel distensibilities of the coronary circulation are available. Therefore, data from other organ vessels were used. Consequently, one has to be very careful in applying values of parameters based solely on these distensibilities. They were produced in this paper to make the intramyocardial compliance plausible. Coronary blood volume depends on arterial and venous pressure, and also on heart contraction. Moreover, the venous outflow during long diastoles manifests the intramyocardial compliance. However, it has also 306 been discussed that compliance of vessels are transmural pressure, and, if present, smooth muscle tone dependent. Obviously, resistance and its distribution with respect to the distribution of compliance depends on the same factors. These factors are determined by the functioning of the heart and the conditions by which the coronary bed is perfused.
Let us consider the value and meaning of the concept of coronary resistance. Resistance is defined as the ratio between driving pressure and flow. The driving pressure should be taken as the difference between arterial pressure and epicardial venous pressure. Because of a Starling resistor effect, this pressure may be higher than right atrial pressure (Uhlig et al., 1984) . The use of the resistor concept is to predict flow at an arbitrary driving pressure knowing the flow at a different driving pressure. However, the coronary resistance in the fully dilated bed of the arrested heart is driving pressure dependent (Hartley et al. 1984) , which may not be surprising in view of the distensibility of the blood vessels. In part, this may explain the curve linearity of pressureflow lines at low pressures. When the heart beats, the situation is even more complicated because of the large intramyocardial blood volume variations (see Appendix B). Resistance and compliance distribution will vary during the heart cycle. Hence, one must conclude that when the coronary bed is fully dilated, the coronary resistance concept is of little value. When used anyhow, the hemodynamic conditions should be reported in detail.
Within the autoregulated state, however, coronary flow variations seem to be linearly related to arterial pressure and ventricular pressure variations (Spaan et al., 1981a; Saint Felix and Demoment, 1982) . Hence, one may consider the resistances and compliances to be constant during the cardiac cycle. As a result, compliances in circuits, as depicted in Figure  3 , do not influence mean flow-mean pressure relationships. This linear behavior may not be present under all circumstances. However, as long as more detailed information on coronary compliance behavior is not available, the overall coronary resistance, as defined in Figure 1 , should be preferred as the index to quantify coronary vascular smooth muscle tone.
It has been shown that the observations of the last decennium on pressure-flow relations and zero flow pressure during long diastoles are compatible with the concept of a compliant microvasculature within the heart. Studies on the diastolic coronary pressure-flow relations clearly may reveal some essential properties of the coronary circulation. Because of intramyocardial compliance effects, one has to advise against the decaying pressure technique when the decay time constant is in the order of seconds. With the constant pressure technique, one should be very careful in defining both the control conditions and moment of pressure change. The practical value of diastolic pressure-flow relations Circulation Research/Vo/. 56, No. 3, March 1985 and Pf_ 0 will depend on the outcome of these studies.
Essential in understanding the relation between Pf_o and arterial pressure under control conditions are the pressure-volume relationships of the arteriolar compartment at different levels of coronary tone. Especially at this point, the data are very scarce. No attention has been paid in this paper to the possibility of a Starling resistor effect within arterioles. This is the topic of the other part of the controversy. However, the compliance effects of all vessels are undeniable and of such a magnitude that these may not be neglected in model studies in which Starling resistors are incorporated. Reports trying to bridge both concepts have already been presented (Westerhof et al., 1983; Downey et al., 1983) . The author's personal opinion, however, is that a Starling resistor mechanism in the autoregulated heart is not likely at other than venous levels. Convincing evidence for this mechanism may be the observation of narrow gaps (diameter in the order of micrometers) within arterioles or other microvessels. These gaps are required on physical principles to form the Starling resistor. However, up until now, myocardial microcirculatory studies do not report observations on local vessel collapse (e.g., Nellis et al., 1981; Tillmanns et al., 1981) .
The intramyocardial compliance may be functional, since it results in a diastolic sucking action on arterial blood as a result of the previous systole. In this way, diastolic flow will be increased to compensate for the lower or even retrograde systolic flow. An arteriolar Starling resistor would uncouple the microvascular pressure from the arterial pressure. In this case, compensation for systolic restriction of microvascular flow would require a decreased diastolic resistance. In other words, with diastolic suction as a result of systolic compression, a lower vasodilatory capacity of the coronary bed is needed to allow a certain net coronary flow.
It has been argued that the coronary flow mechanics of the fully dilated bed differ considerably from the autoregulated bed. Hence, one should be very careful in applying interpretations of results obtained in the dilated bed to the autoregulated bed, and vice versa. More research should be directed to the distribution of resistance and compliance in the coronary bed under different conditions. Insight into these distributions are of crucial importance for understanding the mechanics of coronary flow.
Appendix A
We have calculated the results shown in Figure 7 by using two resistance-capacitance elements in series (Fig. 3) , and by assuming Ci = 0. This last assumption simplifies the calculations considerably, and accentuates the role of intramyocardial compliance. The venous pressure P v = 10 mm Hg. The overall coronary resistance, Ri -I-R2, was calculated Spaan/Intramyocardial Compliance 307 as the ratio between difference Pi -P 2 and mean coronary flow CBF. CBF was assumed to equal 1 ml/sec, independent of arterial pressure. Pi, Ri, and R 2 were calculated from the overall coronary resistance and the correlation R, = 0.66(R] + R 2 ) -10 mm Hg sec/ml (Spaan et al., 1981a) . Coronary flow decreases during cardiac arrest at constant perfusion pressure. This behavior was simulated by decreasing the overall coronary conductance, l/(Ri + R2) exponentially with time. Since the correlation between R] and R, + R 2 was found to be independent of coronary tone in the steady bearing heart, this correlation was assumed to remain during cardiac arrest. The value of intramyocardial compliance, Ci, was assumed to be 0.07 ml/mm Hg per 100 g LV. The extravascular pressure, P, m , was approximated by a square wave with a systolic value of 50 mm Hg and diastolic value of 5 mm Hg.
The following equations describe the dynamic and static behavior of the model:
V lb = C,(P, -P, m ) dV ib /dt = q i -q 2 qi = (Pi -P2VR1 q 2 = (P 2 -Pv)/R 2 where V !b = intramyocardial blood volume or the charge of Ci, and qi and q 2 = arterial inflow and venous outflow, respectively. The equations were solved numerically using Euler integration. For the calculations, an Epson HX20 microcomputer was used.
Appendix B
Coronary Blood Volume Variations during a Heart Cycle The coronary blood volume variation during a heart cycle has not been investigated systematically. However, a rough estimate can be made from the cyclic variation in the integral of the difference between inflow and outflow, since dV/dt = q mqou,. It will be assumed that q in and q^, are blockwaves and that q Mt is only systolic and qi n is only diastolic. Moreover, only the case that diastole and systole have the same duration, T, will be considered. This is the case at a heart rate of about 2 beats/ sec, and consequently, T = 0.25 sec. With these assumptions, the systolic-diastolic flow differences of both qi n and q^t will be twice the mean coronary flow, q m . Consequently, the coronary volume variation, AV, will be: AV = 2q m T.
In hearts with autoregulation, q m is in the order of 1.5 ml/sec per 100 g. Consequently, the estimation of the overall coronary volume variation is 0.75 ml, about 5% of total coronary volume at an arterial pressure of 100 mm Hg. The absolute volume variation at the arterial side of the circulation will be lower because the arterial diastolic-systolic flow difference was overestimated (e.g., Spaan, 1981a Spaan, , 1981b . However, the relative volume variations may be similar because of the lower arterial volume.
In the pharmacologically dilated coronary bed, and at a perfusion pressure of 70 mm Hg, mean coronary flow may be five times higher than in the autoregulated bed. Consequently, the cyclic volume variations may be 25% of total coronary volume. Since coronary resistance is proportional to the inverse of the volume squared, cyclic resistance variations may be of the order of 10% in the autoregulated bed, but 50% in the dilated bed. One therefore may not be surprised that characteristics of coronary flow in the beating heart are not the same in both cases.
